During the 1988/1989 influenza season, five antigenic reassortant influenza A (H 1N2) viruses not previously isolated from man were isolated in Hebei province, People's Republic of China. All isolates contained haemagglutinins (HAs) and neuraminidases (NAs) which were antigenically similar to those of the recent Russian (H1N1) and Hong Kong influenza A (H3N2) viruses, respectively. The results of antigenic and nucleotide sequence analyses revealed that the genes encoding the polymerase, nucleoprotein, NA, matrix and non-structural proteins of the reassortant A/Hebei/24/89 (H1N2) virus were derived from the H3N2 parent virus, whereas its HA gene was from the H1N1 parent virus. The nucleotide sequences of the HA (encoding the HA1 subunit) and NA genes of the reassortant viruses were also determined. Phylogenetic trees constructed from these data by the neighbourjoining method revealed that the HA gene of the reassortant virus was cl6sely related to those of recent human H 1N 1 viruses, whereas the NA gene was related to a recent human Hong Kong (H3N2) virus lineage.
Introduction
Since the appearance in Russia in 1977 of influenza A (H IN1) viruses that were antigenically and genetically related to virus prevalent in 1950 (Scholtissek et al., 1978; Nakajima et al., 1978) , these viruses have been cocirculating with the Hong Kong (H3N2) viruses in circulation in the same epidemic season (Kendal et al., 1979; Nakajima et al., 1981) . The coexistence of these two subtypes, in addition to influenza B virus, has resulted in mixed infections of some individuals followed by the emergence of different virus variants and of reassortants (Young & Palese, 1979; Cox et al., 1983; Kanegae et al., 1990) . Genetic analyses based on T1 oligonucleotide mapping and competitive RNA-RNA hybridization have revealed that the reassortant viruses contain four or five RNA segments from the H3N2 virus and that the remaining genes derive from the H1N1 virus (Young & Palese, 1979; Bean et al., 1980; Nakajima et al., 1981) . Despite the change in the genetic composition, there did not appear to be any antigenic reassortment (Nakajima et al., 1981; Cox et al., 1983) .
The nucleotide sequence data reported have been submitted to the DDBJ, EMBL and GenBank databases and assigned the accession numbers D10161, D10162 and D10163 (HA1 domains of the HA genes of A/Sichuan/2/87, A/Guizhou/54/89 and A/Hebei/24/89 viruses), and D10164 (NA gene of A/Hebei/24/89 virus).
Similarly, ample evidence has been documented for the prevalence of influenza A H3N2 and H1N1 viruses in swine populations in many parts of the world (Shortridge et al., 1976 (Shortridge et al., , 1987 Hinshaw et al., 1978 Hinshaw et al., , 1984 Shortridge & Webster, 1979; Nerome et al., 1982) . Although reassortant influenza A (H1N2) viruses had been isolated from pigs in Japan in (Nerome et al., 1983 , there was no evidence that humans had been infected with antigenic reassortant viruses since the reappearance of H1N1 virus in man in 1977 (Cox et al., 1989) . Here we report the antigenic and genetic characteristics of the reassortant (H1N2) influenza viruses isolated from man during influenza outbreaks in China in the winter of 1988/1989. Evolutionary pathways constructed revealed the epidemiological background from which the antigenic reassortant viruses had arisen.
Nucleotide sequences. Procedures for extraction of viral RNAs have been described previously (Palese & Schulman, 1976; Nerome et al., 1983) . The nucleotide sequences examined in the present study were determined by the dideoxynucleotide chain termination method using a series of synthetic oligonucleotide primers (Sanger et al., 1977; Air, 1979; Cox et al., 1986) . Sixty to 100 nucleotides of the PB2, PB1, PA, nucleoprotein (NP), matrix (M) and non-structural (NS) protein genes of the reassortant were sequenced from the 3' end of the viral RNA using oligonucleotide primers as indicated in the legend to Fig. I . In addition to the above genes, corresponding partial nucleotide sequences of these genes of YA86, A/Sichuan/2/87 and GU89 viruses were determined.
Evolutionary analysis. The nucleotide sequences of the haemagglutinin (HA) (HA1 subunit) and NA genes of the reassortant HE2489 virus were compared with those of genes sequenced previously (see Tables 2 and 3) . We also examined the nucleotide sequences of the HA (HA1 subunit) gene of the A/Sichuan/2/87 and GU89 viruses in comparison with those of HE2489 virus. Phylogenetic trees were constructed by the neighbour-joining (N-J) method (Saito & Nei, 1987) .
Results

Antigenic characterization of the influenza A virus isolates
In the winter of 1988/1989, influenza outbreaks were reported by antiepidemic stations in Hebei province, China (population approximately 60000000), and a number of viruses were isolated in different parts of the province. Antigenic characterization using antisera to reference strains of H1N1 and H3N2 viruses was undertaken to determine whether the isolates were related to recent variants. Two H3N2 viruses (A/Hokkaido/20/89 and A/Beijing/352/89) isolated in Japan and China in the same year were distinguishable from each other antigenically. Of the isolates examined, two strains (A/Hebei/46/89 and A/Hebei/201/89) were nearly identical to A/Hokkaido/20/89 virus in HI pattern, whereas their NA antigens were more closely related to that of A/Beijing/352/89 virus (Table 1) . Seven of the strains listed in Table 1 
Analysis of gene composition of a reassortant virus
To determine which of the cocirculating H1N1 and H3N2 viruses the remaining six RNA segments were most closely related to, partial nucleotide sequences of the reassortant virus genes were determined and compared with those of reference strains. The nucleotide sequences of the PB2, PB1, PA, NP, M and NS genes of the HE2489, YA86 and GU89 viruses are shown in Fig.  1 . On the basis of nucleotide substitutions, these six genes of HE2489 virus are closely related to those of GU89 in that they differed from each other by only one or two nucleotides. By contrast, the YA86 genes showed considerable nucleotide differences (six to 17 nucleotides) to the reassortant genes (Fig. 1) .
Pairwise comparisons of the corresponding genes of a number of H 1N 1, H2N2 and H3N2 viruses showed that the degree of nucleotide sequence identity between the polymerase genes (PB2, PB 1 and PA) of reassortant and H3N2 viruses was apparently higher (92-0 to 98-0%) than that between reassortant and H1N1 viruses (82.0 to 87-0%). Furthermore, the nucleotide sequences of the NP, M and NS genes of the reassortant virus exhibited the highest identity (98.0 to 99.0 %) to those of the current strain (GU89) of H3N2 virus (Table 2) .
We determined the nucleotide sequences of the HA (HA1 subunit) and NA genes of this virus (Fig. 2) . The NA gene of the reassortant virus appeared to be more closely related to that of A/Bangkok/I/79 (BK79) virus than to those of other strains isolated before 1979, showing 96.4% identity ( Table 2 ). The nucleotide sequence of the HA1 subunit of the HA gene of the HE2489 virus was compared with those of the HA genes of other H1N1 viruses isolated between 1977 and 1986 (Concannon et al., 1984; Raymond et al., 1986; Yamada et al., 1991) . The nucleotide and amino acid sequence similarity between the HA genes based on a pairwise comparison is summarized in Table 3 . The degree of nucleotide and amino acid sequence identity between one isolate (GA11483) from 1983 and the 1982 variant virus TX1282 was higher (99.3 and 98.8%, respectively) 4  16  32  128  128  128  128  128  64  128  128 ¢.a * Post-infection ferret sera. t Hyperimmune rabbit serum. :~ Antiserum monospecific for the isolated N2 NA of A/Aichi/2/68 virus was prepared as described previously (Nerome et al., 1981) . § Homologous reactions are underlined.
II HI titre less than 32. ¶ NI titre less than 4. ** I,¢D, Not determined.
PB1 HEB2489
Hl ( Table 2 . Numbers above sequences relate to plus-sense cDNA.
than that (98.0 to 98.6% and 97.4 to 98-3%, respectively) between the GA11483 isolate and four strains (DUN683, DUN2783, VIC83 and CHL83) isolated in the same year. In contrast, the nucleotide and amino acid sequences of all the HA1 subunits of these viruses exhibited lower identity (95-3 to 97-6% and 90.7 to 93.7 %, respectively) with those of the YA86 and HE2489 viruses; the latter viruses were more closely related to each other.
Evolutionary pathways of NA and HA genes
We constructed evolutionary trees using the N-J method on the basis of synonymous and non-synonymous substitutions. A phylogenetic analysis of eight human influenza virus N2 NA gene sequences is presented as an evolutionary tree (Fig. 3 a) . As already reported , these N2 NA genes can be segregated into two lineages, including early and recent strains. The reassortant virus belonged to the second lineage, together with three recent strains, A/Udorn/307/72 (UDO72), A/Victoria/3/75 (VIC75) and BK79. However, because the branch lengths of the reassortant and BK79 viruses were quite different, it is suggested that the NA gene of the reassortant virus may be derived from strains of H3N2 virus prevalent after 1979. To determine whether this was the case, the evolutionary rates were estimated by plotting synonymous substitutions against the year of 1"-, Not examined. These nucleotide sequences were determined in this study. Sequences published previously are: PB2, CHL83 (Schrier et al., 1988) and NT68 (Jones et aL, 1983) ; PB1, WI88 (Kawaoka et at., 1989) , AA60 (Cox et al., 1988) and NT68 (Bishop et al., 1982a) ; PA, AAG0 (Cox et al., 1988) and NT68 (Bishop et aL, 1982b) ; HA, YA86 (Yamada et al., 1991) , NT68 (Both & Sleigh, 1980) , VIC75 (Min et al., 1980) and BK79 (Both & Sleigh, 1981) ; NP, AA60 (Cox et al., 1988) , NT68 (Huddleston & Brownlee, 1982) and UDO72 (Buckler-White & Murphy, 1986); NA, NT68 (Bentley&Brownlee, 1982) , UDO72 (Markoff& Lai, 1982) , VIC75 (Rompuy et al., 1982) and BK79 (Martinez et al., 1983) ; M, AAG0 (Cox et al., 1988) , UDO72 (Lamb et aL, 1981) and BK79 ; NS, USSR77 (Buonagurio et al., 1986) , CHL83 (Schreier et al., 1989) , AAG0 (Buonagurio et al., 1986 ) and UDO72 (Lamb & Lai, 1980) . § HK, Hong Kong virus isolates. isolation of a virus. As shown in Fig. 3 (b) , the number of substitutions increases with time (years) of virus isolation. Since NA genes appeared to evolve with the precision of a 'molecular clock' (Hayashida et al., 1985) , we could calculate using regression analysis that the hypothetical parental viruses of the recombinant were present in the late 1980s. Two evolutionary trees constructed from the numbers of synonymous and non-synonymous substitutions in 13 HA genes are shown in Fig. 4(a) and (b) , respectively. Although the branching features seen in synonymous and non-synonymous trees were essentially similar, HA genes appear to evolve slowly at the protein level, on the basis of short branch length (Fig. 4b) . Three branch clusters can be distinguished, including (i) three early strains, (ii) four recent strains and (iii) six recent strains. It was of particular interest to know that the 1983 epidemic H 1 N 1 viruses belong to the second (GA 11483) and the third (VIC83, DUN683, DUN2783 and CHL83) branch clusters, respectively. HE2489 and YA86 viruses were distantly related to four other strains (CHL83, DUN683, DUN2783 and VIC83). The nearly identical lengths of the HE2489 and YA86 virus branches suggest that the HA gene of the reassortant virus is derived from H1N1 virus variants prevalent in influenza outbreaks during 1986 to 1989.
Discussion
The major aim of the present study was to determine the circulation and characteristics of reassortant viruses isolated in China, by using antigenic and genetic analyses. In the winter of 1988/1989, a total of 11 influenza A viruses were isolated from specimens collected in different regions of Hebei province, and by antigenic analyses we have shown that five reassortant (HIN2) viruses were isolated during a 3-month period. As the above reassortant viruses were unrelated in time or place of isolation, it is unlikely that they were isolated as a result of cross-contamination in the laboratory. Therefore we conclude that these antigenic reassortant viruses appeared in epidemics in China during the 1988/1989 epidemic season. Furthermore, given the high proportion (45"4~o) of isolates, the reassortant H1N2 viruses may have had an advantage over the H1N1 and H3N2 viruses, at least in Hebei province.
In conjunction with our previous reports that two antigenic reassortant (H1N2) viruses, isolated from pigs in 1978 and 1980, contained seven RNA segments from a swine H1NI virus and only one gene, encoding NA, from a human H3N2 virus (Nerome et al., 1983 (Nerome et al., , 1985 , it is noteworthy that only one gene encoding the HA of a human reassortant H1N2 virus was derived from a Russia-like (H1N1) virus; the remaining seven genes were from Hong Kong-like (H3N2) viruses. Theoreti- The following viruses were used: RI-57 (A/RI/5-/57) (Elleman et al., 1982) , RI÷57 (A/RI/5÷/57) (Air et al., 1985) , TKY67 (Lentz et al., 1984) , NT68, UD072, VIC75, BK79 and HE2489. The length of horizontal lines in the tree represents genetic distance and was calculated by the principle of minimum evolution (Kanegae et al., 1990) . Vertical lines joined with horizontal lines are hypothetical ancestor nodes. P represents the putative position of origin. (b) Linear regression analysis of the number of synonymous substitutions with time. The length of each branch (the number of synonymous substitutions) was plotted against the year of virus isolation. The regression line was calculated using the least squares method.
cally, reassortants with different gene combinations would be expected to occur with the same frequency after mixed H1N1 and H3N2 virus infection, but this is apparently not the case because only antigenic reassortant (H1N2) viruses of similar gene composition have been isolated from pigs and humans. In studies on the pathogenicity of reassortant viruses, it has been shown that they tend to be less pathogenic when a large number of genes have been exchanged (Almond, 1977; Rott et al., 1979) , suggesting that a limited number of genes or gene constitutions control pathogenicity. On the basis of this evidence, we speculate that only reassortant viruses with an optimal gene composition survive in the natural host.
In recent years, evolutionary analyses of human H 1 N 1 viruses have been made by some authors (Cox et al., 1989; Sugita et al., 1991) , which have shown that the HA gene of 1983 H1N1 viruses has evolved in two or three evolutionary pathways. Consequently, in 1986, new antigenic variants of H1N1 influenza virus which differed substantially from previous strains of H1N1 virus suddenly appeared in Japan (YA86) and South ]'Abbreviations and references: USSR77 (Concannon et al., 1984) ; BRZ78, A/Brazil/ll/78; LACK78, A/Lackland/3/78; ENG80, A/England/333/80; TX1282, A/Texas/12/82; TX2982, A/Texas/29/82; GAl1483, A/Georgia/l14/83; DUN683, A/Dunedin/6/83; DUN2783, A/Dunedin/27/83; VIC83, A/Victoria/7/83 (Raymond et al., 1986) ; YA86 (Yamada et al., 1991) ; HE2489 (Fig. 2) .
Asian countries (Table 1) 
